in astrocytes and cortical neurons treated with Cd [11, 14, 15, 16] . Similarly, Cd administration to rats was demonstrated to lead to an increase in the activities of CAT, SOD, and GPx [17, 18] . However, several other studies demonstrated that the activities of antioxidant enzymes decrease in rat brains treated with Cd [19, 20, 21] , indicating that the mechanisms underlying Cd-induced oxidative stress, cellular response, and the putative roles of antioxidant enzymes remain controversial [13] . To date, in vitro studies examining the effects of Cd on neurons were performed exclusively using cortical neurons, a non-homogenous population of cells. Therefore, the use of this cellular model may be the reason for to the variety of responses obtained by Cd treatment, depending on the cell type.
In order to assess the effects of Cd on a homogenous population of neurons, we investigated the cytotoxic effects of Cd on cerebellar granule neurons (CGNs) considering the role of antioxidant enzymes.
Experimental Procedures

Animals
Wistar rats (Pasteur Institute, Tunis) were kept in a temperature controlled room (21± 1°C) under an established photoperiod (12 h/12 h light/dark cycle) with free access to food and water.
Ethical approval: The research related to animals use has been complied with all the relevant national regulations and institutional policies for the care and use of animals. All experiments were performed according to the recommendations of the Ethics Committee of Tunis University for Care and Use of Animals, which conformed to the NIH guidelines (approval number: FST/LNFP/ Pro152012).
Chemicals and reagents
Dulbecco's modified Eagle's medium (DMEM), Ham's F-12, insulin, L-glutamine, antibiotic-antimycotic solution, fetal bovine serum (FBS) and trypsin-EDTA buffer were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cytosine-β-D-arabinofuranoside (β-ARAC), trypsin, DNase, trypsin inhibitor, bovine serum albumin (BSA), CdCl 2 were purchased from Sigma-Aldrich (St. Louis, MO, USA). 5-6-Chloromethyl-2′′,7′′-dichlorodihydrofluorescein diacetate acetyl ester (FDA) was obtained from Molecular Probes (Eugene, Oregon, USA), while lactate dehydrogenase (LDH) assay kit was obtained from Bio-Maghreb (Tunis, Tunisia). Bovine liver catalase and DL-epinephrine were kindly provided by Professor F. Limam (National Science and Technology Park, Borj Cedria, Tunisia).
Cell culture
CGN suspensions were prepared from the cerebellums of 8-day-old Wistar rats, as described previously [22] . Briefly, freshly dissected cerebellums were dissociated in the presence of trypsin and DNase I and seeded on poly-Llysine coated dishes. Cells were seeded at a density of 3.5 x10 6 cells/mL in basal medium. For all experiments, cells were cultured in a chemically defined medium, consisting of 75% DMEM and 25% Ham's F-12, supplemented with 10% FBS, 2 mM glutamine, 25 mM KCl, and 1% antibiotic solution. Cells were grown at 37°C in a humidified incubator with an atmosphere of 5% CO 2 /95% air. After 24 h of incubation, β-ARAC was added to the medium.
Cell survival
Seven-day-old CGNs were incubated at 37°C in the absence or presence of different concentrations of CdCl 2 (2.5, 5, 7.5, 10, 15, 20, 50 and 100 µM) for 24 h, 48 h and 72 h. Following this period, the cells were incubated in the dark with FDA (15µg/ mL, 8 min), rinsed once with phosphate-buffered saline (PBS), and lysed with Tris-HCl solution containing 1% sodium dodecyl sulphate (SDS). Fluorescence intensity (l excitation = 485 nm and l emission = 528 nm) was measured with a FL800 TBI fluorescence microplate reader (Bio-Tek Instruments, Winooski, VT, USA).
Cell cytotoxicity measurements
After the incubation of isolated CGNs for 7 days, they were incubated at 37°C in the fresh serum-free medium, in the absence or presence of various concentrations of CdCl 2 (2.5, 5, 7.5, 10, 15, 20, 50 and 100 µM) for 24 h, 48 h and 72 h. Following the incubation, the cytotoxicity of Cd against CGNs was determined by measuring LDH activity in medium using LDH assay kit according to the manufacturer's instructions. The results were expressed as a percentage of total LDH release after cell lysis with 1% Triton X-100 in PBS (0.1 M, pH 7.4).
Examination of cell morphology
Seven days after the isolation of CGNs, they were treated as described in the previous subsections for 24 h, 48 h, and 72 h. Following the incubation, culture medium was removed and cells were rinsed twice with the same medium. Cell morphology was observed using an inverted microscope (Axiostar plus, Zeiss, Göttingen, Germany) equipped with a Canon Power Shot A640 photo camera.
Antioxidant enzyme activity measurements
After incubating 7-day-old CGNs as described, culture medium was removed, and cells were washed twice with PBS and homogenized in the same solution at 4°C. Cells were harvested by centrifugation (350 xg, 4°C, 10 min) and the cell pellets were resuspended in 50 μL of ice-cold lysis buffer, containing 50 mM Tris-HCl (pH 8), 10 mM EDTA, 100 μM phenylmethyl-sulfonylfluoride and 1% Triton X-100. Then, the samples were centrifuged (16,000 xg, 20 min, 4°C) and the collected supernatants were stored at -20°C until the enzyme activity analyses. The activity of SOD was measured using a spectrophotometric assay, in which epinephrine autoxidation induced by superoxide anion is measured. Samples, prepared as described above, were incubated for 3 min with a mixture containing bovine catalase (0.4 U/μL), epinephrine (5 mg/mL), and Na 2 CO 3 /NaHCO 3 buffer (62.5 mM, pH 10.2). The oxidation of epinephrine was measured at 480 nm with a Bio-Rad spectrophotometer (Bio-Rad Laboratories, Philadelphia, USA 
Statistical analysis
Data are expressed as mean ± standard error of mean (SEM) obtained in three independent experiments. ANOVAs, followed by Bonferroni's test, were used for the analyses. p <0.05 was considered statistically significant.
Results
The effects of Cd on CGN survival
We examined the effects of different concentrations of CdCl 2 on the induction of cell death, and the obtained results demonstrate that Cd shows a significant effect on cell viability. After 24 h of treatment with 10 µM of Cd, the percentage of viable cells was 50% (Fig. 1A) , while the incubation of CGNs with different concentrations of Cd for longer time (48 h and 72 h) resulted in a drastic decrease (Fig. 1C) . Additionally, we have evaluated Cd-cytotoxicity, and the results are presented in Figure 2 . LDH release was shown to increase significantly after 24 h and 48 h of the incubation of cells with Cd. This effect was dosedependent at concentrations ranging from 2.5 to 10 µM, while, at the concentration of 100 µM, LDH release was significantly reduced in comparison with the control ( Fig.  2A and 2B) . Furthermore, the incubation of cells with different concentrations of Cd for 72 h led to a reduction in LDH release in comparison with the control sample (Fig.  2C ).
Cd-induced morphological alterations of CGNs
The examination of cells using phase-contrast microscopy revealed regular-shaped untreated, control cells, with granular bodies and long neurites organized in a network (Fig. 3A) . In contrast to this, CGNs treated with Cd showed considerable morphological changes that indicated cell death, such as the shrinkage of cell bodies, nuclear condensation, reduction in the neurite network, and decreased number of viable cells (Fig. 3B ).
Effects of Cd on SOD and CAT activities in CGNs
In Figure 4 , the obtained results, showing a considerable reduction in the activity of SOD after 24 h, 48 h, or 72 h treatment with Cd, are presented. This effect was observed after 24 h of cell incubation with Cd concentrations ranging from 10 to 100 µM, while after 48 h of treatment, the concentrations of Cd as low as 5 µM were shown to affect SOD activity. Overall, SOD activity decreased about 50% compared with its activity in the control samples. Furthermore, our results demonstrate that in the cells incubated with 50 or 100 µM of Cd for 72 h, SOD activity was markedly reduced (≈ 88%) (Fig. 4C) . CAT activity was shown to be significantly reduced in CGNs treated with varying concentrations of Cd for different times as well. However, lower concentrations of Cd (2.5 µM and 5 µM) did not have the same effect on CAT activity (Fig. 5 ).
Discussion
Neurotoxic effects of Cd have been observed in a nonhomogenous brain cell cultures, such as rat cortical neurons [23] , isolated optic nerve preparation [24] , anterior pituitary cells [25] , and mesencephalic trigeminal neurons [26] . Such models provide controversial data regarding the response process occurring in neurons exposed to Cd toxicity. The present study is focused on the cytotoxic effects of Cd on CGNs in order to evaluate the specific response of neurons to Cd toxicity. We observed considerable morphological alterations in CGNs treated with Cd leading to a reduction in the neurite network and a drastic decrease of viable cells, suggesting that this metal is neurotoxic. Additionally, compared with the controls, Cd treatment led to a significant increase in the release of LDH, a cytosolic enzyme released in the medium following the destabilization of membrane integrity, further demonstrating the cytotoxicity and deleterious effects of Cd in CGNs. However, in the samples incubated with 15 to100 µM Cd for 24h or 48h, the release of LDH was shown to be reduced with increasing Cd concentration (less than control value for 100 µM of Cd). Similarly, after 72 h of incubation with Cd, even when a low concentration (2.5 µM) was used, LDH was considerably inhibited in comparison with the control. Based on these results, we suggest that when low concentrations or short exposure time to Cd are used, Cd induces only necrosis in CGNs, while the application of higher concentrations of Cd or longer exposure time may lead to the induction of apoptosis, and the maintenance of cell membrane integrity. This may explain the reduction in LDH release following the application of high concentrations of Cd or longer incubation times.
Oxidative stress is often involved in Cd-induced toxicity in a variety of cells or in animals [13, 28] . Cd is a heavy metal that can induce potent oxidative stress by enhancing the production of ROS, which is responsible for its toxic effects. Cellular defense system that includes antioxidant molecules (glutathione, vitamins E, C…) and antioxidant enzymes (SOD, CAT, and GPx) plays an important role in cellular defense against oxidative stress [13, 28] . The depletion of glutathione and the inhibition of SOD and CAT activities have been implicated in lipid peroxidation, considered a primary event in Cd-induced cellular toxicity [10, 11, 29] . The effects of the exposure to Cd on SOD and CAT activities have been extensively studied and controversial results have been obtained, depending on the experimental conditions [11, 13] . Our results demonstrated that SOD activity measured in CGNs exposed to low concentrations (2.5-5 µM) of Cd for 24 h or 48 h was similar to that detected in the control cells. However, the activity of this enzyme in CGNs treated with high concentrations of Cd (7.5-100 µM) or incubated for a longer time (72 h) was shown to be significantly decreased. These findings indicate that after 24 h or 48 h of exposure to low concentrations of Cd, most of the treated neurons maintain SOD activity, and the defense against oxidative damage, while the higher concentrations of Cd and longer exposure times affected the normal cellular functions and subsequent inactivation of SOD. These data were supported by our results demonstrating that for high concentrations of Cd or long exposure times the number of viable cells decreased. Similar to Cd effects on SOD activity, in CGNs exposed to the low concentrations of Cd (2.5-5 µM) for 24 h or 48 h, CAT activity was not significantly affected, but, unlike SOD activity, CAT activity did not considerably decrease when CGNs were treated with high concentrations of Cd, or incubated for longer periods, suggesting that CAT are more resistant to Cd toxicity than SOD enzyme. Taken together, the results obtained indicate that SOD, most likely Cu/ZnSOD, known to be expressed in CGNs [30] , is very sensitive and is severely inactivated by Cd treatment. Several studies suggest the potential replacement of Zn by Cd, which can consequently lead to the reduction in SOD activity [29, 31, 32] . Additionally, it was suggested that Cd/enzyme interaction may causes a disruption of the topography of the channel localized in SOD that regulates the functioning of this enzyme [30] . A similar mechanism has been suggested to be involved in the interaction between Cd and the catalytic subunit of CAT leading to the reduction of CAT activity [13] . Thus, our findings give information about the behaviour of antioxidant enzymes against Cd cytotoxicity in CGNs. Besides, it was demonstrated in a previous study that Cd also affects on CGNs, the non-enzymatic antioxidant pathway by the depletion of the cellular content of gluthatione [27] .
In conclusion, our results show that the necrotic and/ or apoptotic pathway involved in the cell death trigged by Cd seems to depend on the concentration of Cd and the exposure time. Importantly, we found that antioxidant enzymes differ in their response to Cd toxicity. The effects of Cd on SOD activity are greater than on CAT activity. Our findings are essential in order to reveal the exact role of Cd-induced cytotoxicity and alteration of antioxidant capacity in neurons. This may provide clues for future research to ameliorating treatment of neurological disorders ascribed to Cd exposure.
